with divergence of two monophyletic groups during the early 1970s. The North and South American antigenic varieties diverged roughly 1,000 years ago, while the two main South American groups diverged about 450 years ago. Analysis of multiple strains isolated from an upstate New York transmission focus during the same years suggested that, in certain locations, EEE virus may be relatively isolated for short time periods.
The eastern equine encephalomyelitis (EEE) complex is a group of antigenically related viruses in the family Togaviridae, genus Alphavirus (3). Alphaviruses have positive (plus-strand) or messenger sense unsegmented RNA genomes of 11 to 12 kb. Infected cells also contain a subgenomic 26S RNA species, which is identical to the 3' third of the genome; 26S RNA encodes three structural proteins designated capsid, El, and E2, while the genomic RNA also encodes the four nonstructural proteins, nsPI to nsP4 (30) .
EEE virus is the only species in the EEE complex, which is one of seven antigenically defined alphavirus complexes. Two antigenic varieties of the EEE virus species have been described; all strains isolated in North America and most from the Caribbean belong to the North American variety, while isolates from Central and South America compose the South American variety (3, 4, 22, 25) . An antigenic subtype of the North American variety, represented by a single human isolate from Mississippi, was described recently (2) .
In North America, EEE virus is transmitted among songbirds in freshwater swamps by the mosquito vector, Culiseta melanura. Transmission occurs along the Atlantic coast from New Hampshire to Florida and along the Gulf coast to Texas. Enzootic foci also occur at inland locations including upstate New York, Michigan, Wisconsin, and Ontario. Epizootics, involving different mosquito vectors which transmit EEE virus to mammalian hosts, occur periodically with severe morbidity and high mortality rates in humans, horses, and gamebirds (22, 27) .
In Central and South America, the epidemiology of EEE virus is poorly understood and human and equine disease is reported less frequently. Although arthropod vectors have not been identified definitively, mosquitoes belonging to the subgenus (Melanoconion) of the genus Culex probably transmit EEE virus among small mammals and/or birds in enzootic foci (27) .
Recent work has indicated that EEE virus is genetically conserved in North America. RNA sequences from the 26S region of strains isolated 52 years apart yielded an estimate of 1.4 x 10 -4substitution per nucleotide per year, an evolutionary rate lower than that of many other non-arthropod-borne RNA viruses (38) . A tree generated from sequence data of 13 isolates grouped them by year rather than the location of isolation, suggesting that EEE virus evolves as a single population with frequent exchange of viruses among transmission foci in North America (38) . This conclusion was also supported by trees generated from complete 26S sequences and genomic RNA fingerprints from a total of 10 North American isolates, including the Mississippi North American antigenic subtype (36) .
Evolutionary relationships among EEE viruses within the two antigenic varieties remain unknown. To examine these relationships, and to estimate the time frame for diversification of viruses in the EEE complex, we obtained RNA sequences from 16 South and Central American isolates. Using homologous nucleotide sequences of the Venezuelan equine encephalomyelitis virus (VEE virus) Trinidad donkey strain (21) as an outgroup (a related taxon used to root the tree and determine ancestral relationships), phylogenetic analysis indicated that the EEE complex comprises a monophyletic group (a group of viruses descended from a common ancestor) which includes three main groups. The North and South American varieties EVOLUTION OF EEE COMPLEX VIRUSES 159 was accompanied by a 10-fold rise in the rate of nucleotide substitution.
MATERIALS AND METHODS
Viruses. The EEE virus strains that we analyzed are listed in Tables 1 and 2 . Virus stocks were prepared on BHK-21 cell culture monolayers at 37°C, with multiplicities of infection of 0.1 to 1.0 PFU per cell. Extraction of genomic RNA was performed as described previously (38) . RNA sequencing. Primer-extension dideoxynucleotide sequencing of genomic viral RNA was performed as described by Fichot and Girard (13) . DNA oligonucleotide primers described previously (38) were annealed to viral RNA by heating to 65°C, followed by gradual cooling. An [36] ).
Nucleotide sequences were aligned by using the PILEUP program of the Genetics Computer Group (6) . Gaps or insertions greater than 4 nucleotides in length, found in more than one isolate, were treated as single characters. Phylogenetic trees were obtained with the Phylogenetic Analysis Using Parsimony (PAUP) program by using the heuristic algorithm (32), the DNAML maximum likelihood program (12) , the PAPA3 nearest-neighbor method (7) , and the FITCH distance-matrix method (12) . For PAUP, characters were initially unordered, but a rescaled consistency index was used for a posteriori successive weighting to identify equally parsimonious trees that were supported best by the informative characters (10) . This method adjusts the weight of characters (nucleotides) on the basis of their fit to the most-parsimonious trees (i.e., reduced the effect of nucleotides which undergo reversion). Confidence values were determined for tree groupings by the character resampling bootstrap analysis method (11) . The DNAML and FITCH programs were implemented with the assumption of a 5:1 ratio of transitions-transversions, determined empirically from North American EEE virus sequence data (36, 38 Fig. 1 (the virus codes are defined in Tables I and 2 ). The VEE sequence for the 3' untranslated region was not included because of previously described uncertainties in the proper alignment of untranslated regions among different alphaviruses (35) . Using unordered characters, the PAUP program produced 64 equally parsimonious trees from these sequences; these trees differed only in some relationships within the Argentina-Panama group (see below). When transversions were weighted five times that of transitions, 26 equally parsimonious trees were found. These trees differed only in the relationships depicted among the AR36, AR38, AR59, BG60, VE80, and VE81 isolates.
The maximum likelihood program produced a tree with topology identical to one of the two most parsimonious trees generated with PAUP; this PAUP tree is shown in Fig. 2 . All trees revealed three main monophyletic groups of EEE virus, supported by bootstrap confidence values of 100%; one group included two Brazil isolates (BR56 and BR76) and a 1970 Peru isolate (henceforth referred to as the Brazil-Peru group). Both Brazil isolates are from the Belem area, while the 1970 Peru strain (PE70) was isolated in Iquitos, Peru, in the Amazon basin. Sequence data from more-recent and geographically diverse isolates are needed to determine whether more than one group exists and whether the Brazil-Peru group(s) is confined to the Amazon basin.
A second main group included isolates from Argentina, Panama, Ecuador, Trinidad, Venezuela, and Guyana (henceforth referred to as the Argentina-Panama group; Fig. 2 ). Groupings of many isolates were based on the geographical location of isolation, suggesting that independent evolution occurred for several years at some locations. For example, strains isolated within Panama or Venezuela tended to form separate groups in the trees (Fig. 2) .
A third EEE virus group included two representatives of the North American variety (Fig. 2) To evaluate the possibility that heterologous recombination played a role in evolution of the EEE complex, we conducted separate phylogenetic analyses of nucleotide sequences within each of the three genome regions that we sampled. The trees from these analyses (data not shown) were similar to that generated by using the combined sequence regions, providing no evidence of recombination within the 26S portion of the EEE virus genome.
North American variety. To examine in greater detail the evolution of the North American group, we sequenced two maximally variable regions within the 26S portion of the EEE virus genome for 21 additional isolates. Nucleotides within these regions differing among isolates are listed in Fig. 3 , along with those from 13 previously published sequences (36, 38) . Initially, we included homologous outgroup sequences of all South American variety EEE isolates (Table 2) , and the VEE Trinidad Donkey strain (21) , to obtain a rooted North Ameri- We therefore generated unrooted North American trees and arranged these trees with the sequence of the oldest North American isolate (VA33) at the proximal position because previous results implied a single North American EEE virus monophyletic group (36, 38) . Analysis using the PAUP program resulted in 264 trees of equal (minimal) branch length, with 100 different branching patterns, by using unordered characters (transversion weighting resulted in even more [1, 192] equally parsimonious trees); a posteriori successive character reweighting reduced this number to 24 . One of the 24 trees, depicting groupings found in the majority of the 24 equally parsimonious trees, is shown in Fig. 4 . Overall, the virus strains studied, including those from the Caribbean and midwestern North America, were associated by time and not location of isolation. Exact relationships among most of the 1933-to-1969 isolates could not be determined because of the small number of substitutions that occurred during this period. Within this older group of isolates, there was no consistent pattern of grouping with respect to time or space.
Distance matrix methods can sometimes provide greater accuracy and resolution than parsimony when few phylogenetically informative characters are available, because information from characters present in only one taxa are ignored by parsimony (5, 23, 29) . Therefore, we also analyzed the North American EEE virus sequences, using the FITCH and PAPA3 programs. The tree generated with the PAPA3 program is shown in Fig. 5 . This tree provided slightly greater resolution of relationships among the older isolates, as well as within the NY74A-MD79-NJ82-TN89-MD9OA group. The tree constructed by using the FITCH program was nearly identical in topology; only the position of the FL82 isolate within the MI89-MS89-MD85B-MD88-NC89-FL82 group differed.
All of these trees indicated that, beginning around 1974, the North American EEE virus group apparently diverged into distinct monophyletic groups ( Fig. 4 and 5 ). Group A included viruses from New York, Maryland, New Jersey, and Tennes- 
Aligned sequences used for phylogenetic analysis of the EEE complex. Codes for virus isolates are defined in Table 2 . Phylogenetically informative gaps used in the analysis are labeled above the sequence, beginning at the 5' ends; -indicates that the nucleotide is identical to that of the uppermost sequence. Nucleotide numbers shown follow the numbering by Weaver et al. (26 (Fig. 4) . These (Fig. 6 ). This tree was consistent with a single EEE virus group circulating from 1933 to To confirm the existence of groups A and B, we also subjected previously described RNA fingerprint data (34, 36) and the fingerprint of the TN89 strain (33a) to phylogenetic analysis. Again, the VA33 isolate was included as the outgroup because homologous TI-resistant oligonucleotides can be iden- AR36  AR3 8  BR56  PA58  AR59  TR59  BG60  PA62  PE7 0  EC74  BR76  VE7 6  VE80  VE81  PA84  PA86  VA33  FL82   AR36  AR38  BR56  PA58  AR59  TR59  BG60  PA62  PE7 0  EC74  BR7 6  VE7 6  VE80  VE81  PA84  PA86  VA33  FL82   AR3 6  AR38  BR56  PA58  AR59  TR59  BG60  PA62  PE7 0  EC74  BR7 6  VE7 6  VE80  VE81  PA84  PA86  VA33  FL82 VOL. 68, 1994 on July 6, 2017 by guest http://jvi.asm.org/ 164 WEAVER ET AL. Fig. 3 , by using the PAPA3 program. The virus codes are defined in Table 1 . Node C represents the hypothetical ancestor of groups A and B. 6 . The most-parsimonious phylogenetic tree for North American EEE virus strains generated from complete 26S nucleotide sequences. The virus codes are defined in Table 1. into one of three patterns which were completely consistent with sequences of isolates placed by PAUP into groups A and B or the 1933-to-1978 group (see above); one group, assigned to group A, had the following nucleotides: 2062-T, 2107-G, 2113-G, 3577-T, 3604-T, 3619C, and 3649-C (Table 3) (Table  3 ). This isolate is described elsewhere in greater detail (34) .
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The order of divergence of the isolates (VA33, LA47, NJ60, and MA77, followed by the 1980-to-1990 isolates) in the RNA fingerprint trees (Fig. 7) , and the 26S tree (Fig. 6) be estimated by using tree branch lengths because the year of occurrence of hypothetical ancestors (nodes in the trees) could not be determined accurately. Rates of evolution were therefore estimated as the slope of a linear regression for the number of nucleotide differences by the year of virus isolation (1). For the North American variety, data from the 1,360-base maximally variable regions were analyzed with respect to the oldest (VA33) isolate. The result is shown in Fig. 8A . Regression analyses gave estimated evolutionary rates (slopes) of 0.002%/year for isolates in the 1933-to-1978 group, and 0.027 and 0.041%/year for monophyletic groups A and B, respectively. Although this method suffers from pseudoreplication of mutations accumulating in ancestral viruses (internal branches in the tree), these data suggest that the rate of evolution in these regions of the genome increased about 10-fold concurrent with divergence of groups A and B. The relatively long branches preceding divergence of groups A and B (Fig. 4 The complete 26S data were also analyzed in the same manner. Regression yielded an average 26S evolutionary rate for 1947 to 1990 of 0.016%/year or 1.6 x 10-4 substitution per nucleotide per year; this is similar to the previous estimate of 1.4 x 10-4 obtained from direct comparison of VA33 and MD85 isolates (38) . The rate of evolution of the South American variety of EEE virus was also estimated by using sequences from the Argentina-Panama group. The VE76 isolate was excluded because PAUP trees indicated that it diverged from this group earlier than all other isolates (Fig. 2) . Figure 8B shows results of the regression analysis which yielded an estimated evolutionary rate (slope) of 0.043%/year or 4.3 x 10-4 substitution per nucleotide per year. Although the number of isolates used in this analysis was relatively small, there was no apparent change in this rate from 1938 to 1986. Regression data for the South American variety viruses yielded 95% confidence limits of 0.016 to 0.069%/year. Although these confidence limits are not entirely valid because of pseudoreplication in the regression (see above), they provide an estimate of the uncertainty in the evolutionary rate estimate.
We estimated times of divergence events during evolution of the EEE complex using the above evolutionary rate estimates of 1.6 x 10-and 4.3 x 10-substitutions per nucleotide per year for the North and South American varieties, respectively, and nucleotide substitutions (branch lengths) separating all virus isolates in the North American and Argentina-Panama groups from hypothetical common ancestors (Fig. 2, North and South American EEE viruses are ca. 10-fold lower than those for many non-vector-borne RNA viruses (37) . Several factors which may restrain alphavirus evolution have been reviewed previously (37, 38 (1) . The neutral theory of molecular evolution predicts that genomes primarily acquire neutral or synonymous nucleotide substitutions in a clock-like manner over time (20) . Our results indicate that some RNA viruses may not follow the molecular clock pattern of evolution when viewed over a relatively short time frame.
The factor(s) responsible for the apparent increase in evolutionary rate of North American EEE virus during the 1970s is not known. One possibility is that virus dispersal and/or population size has been altered by changes in mosquito and/or vertebrate host populations. Populations of most passerine birds that breed in forests of eastern North America and migrate to the neotropics declined from 1978 to 1987 after a period of stability or increasing abundance (24) . Many of these birds serve as hosts for EEE virus (27) , suggesting that reductions in their populations may have affected dispersal of viruses among transmission foci and/or amounts of virus circulating in North America.
Another possibility is that divergence into two groups during the 1970s affected rates of evolution. This hypothesis bears superficial resemblance to the punctuated equilibrium theory of evolution, which predicts that organisms (eucaryotic) undergo rapid evolutionary change during peripatric speciation events (8) . This mechanism involves founder effects in small, peripheral, isolated populations causing rapid genetic drift, resulting in reproductive isolation from the parent population. Later, the new form expands into the range of the parent, resulting in sympatric species. Because haploid alphaviruses cannot be considered sexual in this sense (recombination has only been detected in one alphavirus [16] ), the same reproductive isolation mechanisms which lead to eucaryotic speciation cannot apply. However, spatial and temporal isolation may be required to prevent competitive exclusion of incipient or parental alphavirus groups. These concepts are discussed in greater detail elsewhere (33, 37) . The dual infection of an avian EEE virus host (MD84) by members of both North American groups indicates that these genotypes are sometimes sympatric and may compete in nature. However, North American groups A and B could be spatially isolated in some North American regions not sampled by our collection of isolates. One possibility is that obscure ecological changes may have altered patterns of virus movement during the 1970s (e.g., dispersal patterns of birds or mosquitoes), resulting in isolation of groups A and B, and possibly affecting rates of evolution. More complete information regarding virus dispersal and the distribution of groups A and B is needed to evaluate this hypothesis.
Other possible mechanisms for an increase in the EEE virus evolutionary rate, coincident with divergence of distinct monophyletic groups include (i) reduction in the constraining effect of selective pressure; (ii) increased opportunities for founder effects and genetic drift, associated with a reduction in virus population sizes (39); (iii) changes in the environment or virus hosts which favored different viruses; and (iv) changes in the efficiency of dispersal of viruses in different groups. Theoretically, a weakly selected trait is more constrained by selection if the population is relatively large (39) . Although most of the nucleotide substitutions accumulating in groups A and B were synonymous, selection could also act on primary RNA structure via codon usage preferences, RNA secondary structure, or packaging requirements. More information on the role of primary RNA sequence in the fitness of EEE virus genomes is needed to evaluate these hypotheses.
